INTRODUCTION
============

Eukaryotes have a conserved RNA surveillance mechanism to help maintain correct gene expression. Nonsense-mediated mRNA decay (NMD) is an mRNA surveillance mechanism that detects and degrades mRNAs containing premature termination codons (PTCs) to eliminate potentially harmful C-terminally truncated proteins ([@gkr791-B1; @gkr791-B2; @gkr791-B3]). NMD also targets many physiological mRNAs to regulate abundance, including mRNAs encoding selenocysteine-containing proteins and mRNA-like non-coding RNAs ([@gkr791-B4; @gkr791-B5; @gkr791-B6]). If C-terminally truncated proteins retain some of their function and/or PTC-read through produces functional proteins, NMD suppression leads to the phenotypic rescue of certain PTC-related mutations ([@gkr791-B7; @gkr791-B8; @gkr791-B9]). In addition, NMD suppression can augment un-natural polypeptides, which are putative tumor-specific antigens encoded by frame-shift mutations on PTC-mRNAs ([@gkr791-B10]). Thus, clarification of the mechanism of NMD is critical for the development of pharmacological reagents for genetic diseases and cancer ([@gkr791-B11],[@gkr791-B12]).

The current model of mammalian PTC recognition posit a splicing-dependent deposition of the exon junction complex (EJC) components, 20--24 nt upstream of an exon--exon junction ([@gkr791-B13]) and deposition of nine *UPF/smg* gene products, which are evolutionally conserved *trans*-acting factors of NMD ([@gkr791-B1],[@gkr791-B14],[@gkr791-B15]). In the initial round of translation ([@gkr791-B16],[@gkr791-B17]), if a translation termination codon is located upstream of an EJC, the SMG-1 kinase complex (SMG1C; SMG-1:SMG-8:SMG-9), Upf1 RNA helicase and translation termination factors form the SMG-1:Upf1:eRF1:eRF3 complex (SURF), which associates with the ribosome on the messenger ribonucleoprotein (mRNP) ([@gkr791-B18; @gkr791-B19; @gkr791-B20; @gkr791-B21]). The association of ribosome:SURF with the EJC forms the decay inducing complex (DECID), which can distinguish a PTC from a normal termination codon. The DECID induces SMG-1-mediated Upf1 phosphorylation, a rate-limiting step of NMD ([@gkr791-B19; @gkr791-B20; @gkr791-B21; @gkr791-B22; @gkr791-B23; @gkr791-B24; @gkr791-B25]). Recognition of PTCs, independently of the downstream splicing junction, has also been demonstrated in mammals, and the molecular mechanism for this process is under debate ([@gkr791-B26; @gkr791-B27; @gkr791-B28; @gkr791-B29]). In contrast to the events before PTC recognition, those after PTC recognition are not well understood. For instance, whereas a ribosome is present in the DECID complex during PTC discrimination and PTC mRNA decay is expected to occur after dissociation of the mRNA from ribosomes, the timing and mechanism of ribosome dissociation from mRNA is unclear.

As noted above, a critical consequence of PTC recognition is the phosphorylation of Upf1 by SMG-1 ([@gkr791-B22],[@gkr791-B25]). SMG-1 phosphorylates Upf1 *in vitro* at several serine/threonine--glutamine (S/TQ) motifs in the N- and C-terminal regions ([@gkr791-B22]). Among them, S1078, S1096 and S1116 are phosphorylated *in vivo* in mammals ([@gkr791-B22],[@gkr791-B30],[@gkr791-B31]). However, the functional importance of these phosphorylation sites remains to be clarified. In addition to phosphorylation, dephosphorylation is also necessary for NMD ([@gkr791-B30],[@gkr791-B32],[@gkr791-B33]). SMG-5, SMG-6 and SMG-7 are involved in the dephosphorylation of Upf1, probably through the recruitment of protein phosphatase 2A (PP2A) ([@gkr791-B19],[@gkr791-B30],[@gkr791-B32; @gkr791-B33; @gkr791-B34; @gkr791-B35]). SMG-5, SMG-6 and SMG-7 are evolutionally conserved related proteins, but each is required for NMD ([@gkr791-B32],[@gkr791-B36]). The majority of SMG-5 and SMG-7 forms a complex (the SMG-5:SMG-7 complex) that preferentially binds to phosphorylated Upf1 (phospho-Upf1) *in vivo*, whereas phospho-independent binding of the SMG-5:SMG-7 complex with the N-terminal region of Upf1 is observed during NMD ([@gkr791-B30]). The binding of the SMG-5:SMG-7 complex to phospho-Upf1 induces Upf2 dissociation from Upf1, and this step is involved in NMD ([@gkr791-B30]). SMG-5 and SMG-7 share the 14-3-3-like domain. The SMG-7 14-3-3-like domain can directly bind *in vitro* to a Upf1 phosphopeptide containing phospho-S1078 ([@gkr791-B37]). However, the binding site of the SMG-5:SMG-7 complex on Upf1 *in vivo* remain to be clarified. SMG-7 is considered as mRNA decay mediator since it is tethering at either 3′- or 5′-UTR of mRNA induce Dcp2 (decapping enzyme) and Xrn1 (5′-3′-exonuclease) dependent mRNA decay ([@gkr791-B38]). SMG-6 also shares the 14-3-3-like domain, which has been proposed to compete with the SMG-5:SMG-7 complex for binding to phospho-Upf1 ([@gkr791-B2],[@gkr791-B3]), but association of SMG-6 with phospho-Upf1 has not been determined ([@gkr791-B39]). SMG-5 and SMG-6 have a C-terminal PilT N-terminus (PIN) domain. The PIN domain of SMG-6 has endonuclease activity *in vitro* and catalytically inactive SMG-6 fails to support NMD in mammalian cells ([@gkr791-B40],[@gkr791-B41]). While SMG-5, SMG-6 and SMG-7 are required for NMD, their mechanisms of action remain to be clarified.

Here, we demonstrate that the SMG-1-mediated phosphorylation of T28 and S1096 of Upf1 create binding platforms for SMG-6 and the SMG-5:SMG-7 complex, respectively. SMG-6 associates *in vivo* with phosphorylated Upf1 through its 14-3-3-like domain. We also show that the phospho-specific binding of SMG-6 and the SMG-5:SMG-7 complex to Upf1 is required for NMD. Furthermore, we provide evidence supporting the involvement of the SMG-5:SMG-7 complex in the dissociation of the ribosome from DECID after Upf1 phosphorylation. In addition, we suggest that the phospho-specific binding of SMG-6 is required for Upf1 dissociation from mRNA.

MATERIALS AND METHODS
=====================

Plasmids, antibodies and siRNAs
-------------------------------

Expression vectors for wild-type Flag-HA-streptavidin binding peptide (SBP)-SMG-6, SMG-6 mutants (-mt1433, -mtPIN, -dCT), wild-type Upf1 and Upf1-mutants \[-dCT (amino acids 6--1027), -dNCT (amino acids 64--1027), -S1078A, -S1096A, -S1116A, -T28A, -2SA (SS1078/1096AA), -4SA (SSSS1073/1078/1096/1116AAAA), -5T/SA (TSSSS28/1073/1078/1096/1116AAAAA)\] were constructed in the mammalian expression vectors pcDNA5/FRT/TO/Flag-HA-SBP, pEF_Flag-HA-SBP or pSR-HA, following standard procedures. The wild-type Flag-HA-SBP-SMG-6 and SMG-6 mutants were mutated at coding sequence nucleotides to confer siRNA SMG-6 resistance by site-directed mutagenesis. HA-SMG-5, HA-SMG-5dCT and HA-Upf1-4SA plasmids were previously described ([@gkr791-B19],[@gkr791-B22],[@gkr791-B30]).

The following siRNA target sequences were used: SMG-5, GAAGGAAATTGGTTGATAC; SMG-6, GGGTCACAGTGCTGAAGTA; SMG-7, CAGCACAGTCTACAAGCCA; non-silencing (NS), All Star Negative Control siRNA (Qiagen).

Anti-eIF4A3, anti-SMG-5 and anti-SMG-6 antibodies were generated against recombinant human eIF4A3 (amino acids 1--48), SMG-5 (amino acids 416--541) or SMG-6 (amino acids 58--181) peptides fused to glutathione S-transferase (GST) (anti-eIF4A3 and -SMG-5) or maltose-binding protein (MBP) (anti-SMG-6), respectively. Affinity purification of the antibody was performed following standard procedures. An anti-P-T28-Upf1 antibody was generated as described previously ([@gkr791-B30]) using a keyhole limpet hemocyanin (KLH)-conjugated phosphopeptide \[C-LGAD(P)TQGSEF, T28-P\] as antigen. The anti-SMG-1, Upf1 (clone 5C3), Upf2, SMG-7, SMG-9 and P-1078/1096-Upf1 (clone 7H1) antibodies were generated as described previously ([@gkr791-B19],[@gkr791-B20],[@gkr791-B22],[@gkr791-B30]). Antibodies to eRF1 (Abcam), rpL7a (Cell signaling technology), rpS16 (Abcam), Magoh (Abcam), Y14 (Abcam), eIF4E (Santa Cruz), PABPC1 (Abcam), PABPC4 (Bethyl), CBP80 (Bethyl), β-actin (Sigma), GAPDH (Abcam) and HA (3F10) (Roche) were used.

Transfection with plasmids and siRNAs
-------------------------------------

HeLa TetOff cells (Clontech) and HEK 293 cells were grown in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin. Plasmid transfections were performed in six-well plates, 10 or 15 cm dishes using Polyfect (Qiagen), Transfectin (BioRad) or LipofectaminLTX (Invitrogen) according to the manufacturer\'s recommendations. For affinity purification of SBP-tagged proteins, cells were harvested 48 h after transfection. siRNA transfections were performed in six-well plates or in 15 cm dishes, using siLentFect (BIORAD) or LipofectaminRNAiMAX (Invitrogen) according to the manufacturer\'s protocol, and cells were harvested 46--72 h later.

Immunoprecipitation, SBP purification and western blot analysis
---------------------------------------------------------------

HeLa TetOff cells were transfected using Lipofectamine LTX (Invitrogen) or Polyfect (Qiagen) and incubated for 30 min at 4°C in a lysis buffer containing 50 mM Tris--HCl at pH 7.4, 50 mM NaCl, 0.05% Tween-20, 100 nM okadaic acid (Calbiochem), phosphatase inhibitor cocktail, protease inhibitor cocktail (Roche) and cycloheximide (100 μg/ml, Sigma). The pre-cleared lysates were added to 200 μg/ml RNaseA (Qiagen), and then incubated with appropriate antibodies for 1 h with gentle rotation. Subsequently, lysates with antibodies were incubated with 30 μl of protein G-Sepharose (GE Biotech) for an additional 1 h at 4°C with gentle rotation. To immunoprecipitate HA-tagged proteins, 25 μl of anti-HA-affinity matrix (Roche), pre-adsorbed with antibody, was used instead of protein G-sepharose. For SBP purification, 30 μl of streptavidin-coated Sepharose (GE Biotech) was used and lyastes were incubated for 2 h at 4°C. The immunocomplexes (or SBP--streptavidin complex) were washed with washing buffer containing 50 mM Tris--HCl at pH 7.4, 50 mM NaCl, 0.05% Tween-20 and 100 nM okadaic acid, boiled in 100 μl of standard 1× SDS sample buffer and then analyzed by western blotting. In experiments, where HA-affinity matrix, Upf1-monoclonal antibody or streptavidin-coated sepharose was used, proteins recovered on the matrix were eluted by incubation at 37°C for 15 min (for HA-affinity matrix and Upf1-monoclonal antibody) or at 4°C for 30 min (for streptavidin-coated sepharose) in the presence of 50 μl washing buffer containing 1 mg/ml HA-peptide, 1 mg/ml Upf1 peptide or 2 mM biotin, boiled with 50 μl of 2 × sample buffer and then analyzed by western blotting. Except for [Figure 3](#gkr791-F3){ref-type="fig"}, anti-Upf1, P-T28 and P-S1078/1096 antibodies were used as probes after 8% polyacrylamide gel electrophoresis. In [Figure 3](#gkr791-F3){ref-type="fig"}, samples were separated using a 8--16% gradient polyacrylamide gel, which did not provide the resolution required for the Upf1 mobility shift.

All western blot experiments were detected with the ECL western blotting detection kit (GE Biotech) or with Lumi-Light western blot substrate (Roche) and quantified with a LuminoImager, LAS-3000 and Science Lab 2001 Image Gauge software (Fuji Photo Film). All experiments were performed at least three times, and typical results are shown.

NMD analysis in mammalian cells
-------------------------------

NMD analysis was performed in essentially the same manner as described elsewhere ([@gkr791-B42]), except that HeLa TetOff cells (1.8 × 10^6^) were transfected with siRNAs and plasmid vectors, which are indicated in figures, in combination with 1.5 μg of pTRE-BGG-WT or pTRE-BGG-PTC. Briefly, 44 h after transfection, doxycyclin was added at time zero to inhibit *de novo* transcription. Cells were then harvested at the indicated time points, and total RNAs were analyzed by northern blotting using either a β-globin or GAPDH (control) probe. The quantities of BGG mRNA were normalized to GAPDH signals and then graphically plotted. Values in figures represented the mean ± SE for three to four independent experiments.

RESULTS
=======

SMG-6 binds to phosphorylated Upf1 through its 14-3-3-like domain
-----------------------------------------------------------------

To investigate the processes of NMD subsequent to Upf1 phosphorylation, we analyzed whether endogenous SMG-6, involved in the dephosphorylation of Upf1, binds to phospho-Upf1. Immunoprecipitation experiments using HeLa TetOff cell lysates and an anti-SMG-6 antibody revealed that SMG-6 coprecipitated with Upf1 in the presence of RNaseA ([Figure 1](#gkr791-F1){ref-type="fig"}A). Note that the coprecipitated Upf1 produced a doublet band, suggesting the presence of phospho-Upf1 in the SMG-6 complex ([Figure 1](#gkr791-F1){ref-type="fig"}A). To confirm this notion, we transfected cells with HA-SBP-tagged SMG-6 and affinity purified the SMG-6 complex using streptavidin-conjugated sepharose beads. The binding between endogenous Upf1 and exogenous wild-type SMG-6 is not strong; therefore, we also analyzed the nuclease-inactive SMG-6-mtPIN and -dCT mutants ([Figure 1](#gkr791-F1){ref-type="fig"}B). These mutants were designed based on observations of the corresponding SMG-5 mutants, SMG-5-D860A and -dCT, which accumulate the phospho-Upf1:SMG-5 complex in cells ([@gkr791-B30]). As shown in [Figure 1](#gkr791-F1){ref-type="fig"}C, the amount of endogenous Upf1 coprecipitated with SBP-tagged SMG-6 mutants was greater than that with wild-type SMG-6. Intriguingly, both mutants coprecipitated a doublet band of Upf1 similar to the endogenous SMG-6 precipitate. Highly mobility shifted band, indicated by arrowhead, was phosphorylated at least at serine (S) 1078 and 1096 residues, as detected by our phospho-Upf1 antibody, which recognizes phosphorylated S1078/S1096 (anti-P-S1078/S1096-Upf1) ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr791/DC1)) ([@gkr791-B20],[@gkr791-B30]). Note that coprecipitated phospho-Upf1 with SMG-6 is mostly in the mobility shifted (hyper-phosphorylated) form, although the anti-P-S1078/S1096-Upf1 can detect a doublet in total cell extract ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr791/DC1)). These results indicate that, *in vivo*, SMG-6 preferentially binds to hyper-phosphorylated-Upf1, as the SMG-5:SMG-7 complex does ([@gkr791-B30])*.* Figure 1.SMG-6 interacts with phosphorylated Upf1 via its 14-3-3-like domain. (**A**) Interactions between SMG-6 and components of the NMD machinery. HeLa TetOff cell lysates were immunoprecipitated with anti-SMG-6 antibody in the presence of RNaseA. Immunoprecipitates (IP) were analyzed by western blotting with the indicated antibody probes. (**B**) Schematic representation of SMG-6 mutants. The 14-3-3-like domain and PIN domain are depicted as gray boxes. In SMG-6-mt1433, two arginines and one tyrosine in the 14-3-3-like domain were replaced by glutamic acid and histidine, respectively (R656E, R737E and Y738H). In SMG-6-mtPIN, an aspartic acid in the PIN domain is replaced by alanine (D1251A). SMG-6-mt1433/PIN has both mt1433 and mtPIN mutations. In SMG-6-dCT, the C-terminal 11 amino acids are deleted. SMG-6-mt1433/dCT has both mt1433 and dCT mutations. (**C**) HeLa TetOff cell lysates were affinity purified with streptavidin sepharose in the presence of RNaseA. The cell lysates (input) and affinity-purified (AP) fractions were analyzed by western blotting with the indicated antibody probes. Arrow head indicates the hyper-phosphorylated isoform of Upf1 detected by our Upf1 and phospho-Upf1 antibodies. Figure 2.Phospho-dependent binding of SMG-6 to Upf1 is required for Upf1 dephosphorylation and PTC-containing β-globin mRNA decay. (**A**) Schematic representation of the Tet-inducible human β-globin gene (BGG) reporter construct containing a PTC in exon 2. The open reading frame (ORF) is represented by boxes and introns and UTRs by lines. (**B** and **C**) NMD is inhibited by overexpression of SMG-6 mutants. HeLa TetOff cells were transfected with the plasmids shown above (B) or to the left of the panel (C). Total cell lysates were analyzed by western blotting with indicated antibody probes (B). HeLa TetOff cells were co-transfected with the indicated plasmids and the Tet-inducible BGG-PTC plasmid. After the addition of doxycycline to repress the transcription of the reporter plasmids, total RNAs, prepared at the times indicated, were analyzed by northern blotting (C). (**D**) The quantities of BGG mRNA, normalized to GAPDH signals, were plotted. The means ± SD from three independent experiments are shown. (**E**) The 14-3-3-like domain of SMG-6 is required for Upf1 dephosphorylation. HeLa TetOff cells were transfected with siRNA targeting SMG-6, together with the indicated siRNA-resistant SMG-6 plasmid vectors. The total cell lysates were analyzed by western blotting with the indicated antibody probes. Valosin-containing protein (VCP) was used as a loading control.

The 14-3-3-like domain of SMG-7 can bind directly with a phosphorylated amino acid residue ([@gkr791-B37]). The presence of a 14-3-3-like domain in SMG-6 suggests that SMG-6 can also bind to phospho-Upf1 through this domain. To evaluate this possibility, we made a mutant of SMG-6 containing the amino acid changes, R656E, R737E and Y738H, which are all located in the 14-3-3-like domain. Note that the corresponding amino acid residues of the SMG-7 14-3-3-like domain are required for direct contact with the phosphorylated peptide ([@gkr791-B37]). As expected, both SMG-6-mt1433/PIN and -mt1433/dCT double mutants showed greatly reduced coprecipitation of phospho-Upf1 ([Figure 1](#gkr791-F1){ref-type="fig"}C). These results support the notion that, *in vivo*, SMG-6 binds to phospho-Upf1 via its 14-3-3-like domain. These mutations abolished the coprecipitation of phospho-Upf1, but non-phospho-Upf1 was still precipitated at similar levels as wild-type, suggesting the existence of additional phospho-independent binding of SMG-6 to Upf1 ([Figure 1](#gkr791-F1){ref-type="fig"}C).

The coprecipitation of endogenous EJC components, eIF4A3 and Magoh were also observed in endogenous SMG-6 immunoprecipitates ([Figure 1](#gkr791-F1){ref-type="fig"}A). The N-terminal region of SMG-6 contains two sequences homologous to the EJC binding region of Upf3. To test the involvement of the SMG-6 Upf3-homology region in EJC binding, we tagged SMG-6-mtEJC with SBP and performed affinity purification from cell extracts transfected with SBP-tagged wild-type SMG-6 or SMG-6-mtEJC ([Supplementary Figure S2A](http://nar.oxfordjournals.org/cgi/content/full/gkr791/DC1) and [S2B](http://nar.oxfordjournals.org/cgi/content/full/gkr791/DC1)). As expected, SMG-6-mtEJC failed to coprecipitate eIF4A3 and Magoh, whereas wild-type SMG-6 did coprecipitate eIF4A3 and Magoh ([Supplementary Figure S2C](http://nar.oxfordjournals.org/cgi/content/full/gkr791/DC1)). These results suggest that SMG-6 binds to EJC components via the Upf3-homology region, which is consistent with a recent report ([@gkr791-B39]).

Binding of SMG-6 to phospho-Upf1 is required for NMD and dephosphorylation of Upf1
----------------------------------------------------------------------------------

We next investigated the significance of the binding of SMG-6 to phosho-Upf1. For this purpose, we expressed wild-type SMG-6 or SMG-6-mt1433 and a PTC-containing β-globin mRNA reporter in HeLa TetOff cells ([Figure 2](#gkr791-F2){ref-type="fig"}A) and analyzed the dominant-negative effect of SMG-6-mt1433 on NMD. The cells were treated with doxycycline to repress the transcription of the reporter gene, and mRNAs extracted at indicated time points were subjected to northern blot analysis to estimate the half-life of the β-globin reporter mRNA. Overexpression of wild-type SMG-6 had no effect on the half-life of PTC-containing β-globin mRNA. In contrast, overexpressed SMG-6-mt1433 prolonged the half-life of PTC-containing β-globin mRNA without affecting that of wild-type β-globin mRNA ([Figure 2](#gkr791-F2){ref-type="fig"}C and D, data not shown). These results support the notion that binding of SMG-6 to phospho-Upf1 through its 14-3-3-like domain is required for PTC-containing β-globin mRNA decay.

Genetic analysis in *Caenorbabditis elegans* revealed that SMG-6 is required for the dephosphorylation of Upf1 ([@gkr791-B32]). Therefore, we next investigated the physiological significance of the binding of SMG-6 to phosho-Upf1 for dephosphorylation of Upf1. The transfection of SMG-6-targeted siRNA induced the accumulation of phospho-Upf1, as detected by the anti-P-S1078/S1096-Upf1 antibody in total cell extracts ([Figure 2](#gkr791-F2){ref-type="fig"}E). This phenotype was rescued by the expression of siRNA-insensitive wild-type SMG-6 but not by the expression of SMG-6-mt1433 ([Figure 2](#gkr791-F2){ref-type="fig"}E). These results establish that the binding of SMG-6 to phospho-Upf1 through its 14-3-3-like domain is required for the dephosphorylation of Upf1.

We also assessed the effect of SMG-6-mtPIN, -dCT and -mtEJC mutants on NMD. The results indicate that overexpression of mutants, SMG-6-mtPIN and -dCT but not of -mtEJC, suppressed the decay of PTC-containing β-globin mRNA ([Figure 2](#gkr791-F2){ref-type="fig"}C and D). Similarly, rescue experiments showed that the -dCT mutant failed to rescue the SMG-6 knockdown-induced accumulation of phospho-Upf1, supporting the above notion ([Figure 2](#gkr791-F2){ref-type="fig"}E).

SMG-1-mediated phosphorylation of Upf1 at T28 is required for association with SMG-6
------------------------------------------------------------------------------------

The preferential binding of SMG-6 to phospho-Upf1 prompted us to identify the phosphorylated amino acid residue(s) of Upf1 responsible for SMG-6 binding. Both the N- and C-terminal regions of Upf1 have evolutionally conserved S/TQ residues, which are phosphorylated by SMG-1 *in vitro* ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkr791/DC1)) ([@gkr791-B22]). Based on these observations, we created phospho-resistant mutants of SBP-tagged Upf1, which do not contain the putative phosphorylation sites. The first mutant, Upf1-dCT, lacked the C-terminal 90 amino acids, residues 1028--1118. The second mutant, Upf1-dNCT, lacked the N-terminal 63 amino acids and the C-terminal 90 amino acids, and the third mutant, Upf1-5S/TA, harbored alanine (A) substitutions at T28, S1073, S1078, S1096 and S1116 ([Figure 3](#gkr791-F3){ref-type="fig"}A). Immunoprecipitation analysis of endogenous SMG-6 in the presence of RNaseA from HeLa TetOff cell extracts transfected with HA-tagged wild-type Upf1, or the Upf1 mutants, -dCT, -dNCT or -5S/TA showed that endogenous SMG-6 precipitated exogenously expressed wild-type Upf1 and the Upf1-dCT mutant. On the other hand, SMG-6 precipitated only small amounts of Upf1-dNCT or -5S/TA mutants compared with wild-type ([Figure 3](#gkr791-F3){ref-type="fig"}B). Similar experiments using two additional mutants of Upf1, Upf1-T28A, in which T28 was substituted by A, and Upf1-4SA, in which S1073, S1078, S1096 and S1116 were substituted by A, revealed that endogenous SMG-6 precipitated only a faint amount of Upf1-T28A, whereas it precipitated similar amounts of Upf1-4SA and wild-type Upf1 ([Figure 3](#gkr791-F3){ref-type="fig"}C). These results demonstrate that T28 of Upf1 is needed for SMG-6 binding. Figure 3.Threonine residue 28 of Upf1 is necessary for the binding of SMG-6. (**A**) Schematic representation of Upf1 mutants. The N-terminal conserved region (NCR), cystein rich region, helicase domains and SQ-rich region of Upf1 are depicted as gray boxes. In Upf1-dCT, the C-terminal 90 amino acids are deleted. In Upf1-dNCT, the N-terminal 63 amino acids and the C-terminal 90 amino acids are deleted. In Upf1-5S/TA, T28, S1073, S1078, S1096 and S1116 are replaced by A. In Upf1-T28A, T28 is substituted for A. In Upf1-4SA, S1073, S1078, S1096 and S1116 are replaced by A. (**B** and **C**) HeLa TetOff cells were transfected with the plasmids shown above. The cell extracts were immunoprecipitated with anti-SMG-6 antibody or with normal rabbit IgG (NRIgG) in the presence of RNaseA. Immunoprecipitated fractions were analyzed by western blotting with the indicated antibody probes. 'Asterisks' indicates unexpected degradation product of HA-tagged-Upf1. 'Hash' indicates an uncharacterized band detected by the anti-HA antibody in Upf1-dNCT mutant-expressed extract.

Preferential binding of SMG-6 to phospho-Upf1 ([Figure 1](#gkr791-F1){ref-type="fig"}) and the requirement of Upf1 T28 for this binding ([Figure 3](#gkr791-F3){ref-type="fig"}), in addition to the observation that a GST-fused peptide derived from the region of Upf1 T28 is efficiently phosphorylated by SMG-1 *in vitro* ([@gkr791-B22]), suggest that, *in vivo*, SMG-1 phosphorylates T28 of Upf1 to create an SMG-6 binding site. To confirm this, we generated a phospho-specific polyclonal antibody against phosphorylated-T28 (P-T28-Upf1) and analyzed the reactivity to wild-type Upf1 and to Upf1 mutants -T28A and -2SA, in which S1078 and S1096 were substituted by A ([Figure 4](#gkr791-F4){ref-type="fig"}A). Anti-P-T28-Upf1 antibody recognized HA-SBP-tagged wild-type Upf1 and the mutant, Upf1-2SA, whereas it failed to detect the mutant, Upf1-T28A ([Figure 4](#gkr791-F4){ref-type="fig"}B). In addition, anti-P-T28-Upf1 detected an endogenous Upf1 phosphorylation signal that was strikingly reduced by Upf1 knockdown ([Figure 4](#gkr791-F4){ref-type="fig"}C). Furthermore, SMG-1-targeted siRNA treatment resulted in a decrease in anti-P-T28-Upf1 signal ([Figure 4](#gkr791-F4){ref-type="fig"}C). These results indicate that SMG-1 phosphorylates T28 of Upf1 *in vivo*, which was recognized by our anti-P-T28-Upf1 antibody. SMG-5, SMG-6 and SMG-7 are involved in the PP2A-mediated dephosphorylation of Upf1 at S1078 and S1096 in mammals ([@gkr791-B22],[@gkr791-B30],[@gkr791-B32]). To assess the requirement for these factors in the dephosphorylation of the newly identified Upf1 phosphorylation site, T28, we analyzed P-T28-Upf1 signals in response to treatment with okadaic acid (OA), a PP2A inhibitor, knockdown of SMG-5, SMG-6 or SMG-7, or the overexpression of SBP-tagged SMG-6 mutants. We observed an increase in accumulation of the anti-P-T28-Upf1 signals after OA treatment ([Figure 4](#gkr791-F4){ref-type="fig"}D) and knockdown of SMG-5, SMG-6 or SMG-7 ([Figure 4](#gkr791-F4){ref-type="fig"}E), similar to the P-S1078/S1096 signals. Note that the amount of SMG-5 is slightly decreased in SMG-7 knocked-down and showed an unexpected mobility shift to the lower molecular weight side ([Figure 4](#gkr791-F4){ref-type="fig"}E). The overproduction of SMG-6-mt1433, -mtPIN and -dCT, but not of wild-type or -mtEJC, resulted in the accumulation of P-T28-Upf1 signals ([Figure 4](#gkr791-F4){ref-type="fig"}F). These results suggest that, similar to residues S1078/S1096, T28 of Upf1 is dephosphorylated by PP2A in an SMG-5, SMG-6 and SMG-7-dependent manner. Figure 4.SMG-1-mediated phosphorylation of Upf1 threonine residue 28. (**A**) Schematic representation of Upf1 mutants. The NCR, cystein rich region, helicase domains and SQ-rich region are depicted by gray boxes. In Upf1-T28A, T28 is substituted for A. In Upf1-2SA, S1078 and S1096 are replaced by A. (**B**) The anti-P-T28-Upf1 antibody recognizes T28 phosphorylation of Upf1 *in vivo*. HeLa TetOff cells were transfected with the plasmids indicated above the blot. Total cell extracts were probed with the antibodies indicated. (**C**) The anti-P-T28-Upf1 antibody detects SMG-1-mediated endogenous-Upf1 phosphorylation. Cells were transfected with the siRNAs shown above. Total cell extracts were probed with the antibodies indicated. (**D**) OA-sensitive phosphatase-mediated dephosphorylation of Upf1 P-T28. Total extracts of cells treated for 4 h with 50 nM OA were analyzed as above. (**E** and **F**) Knockdown of SMG-5, SMG-6 or SMG-7, or overexpression of SMG-6 mutants accumulates T28 phosphorylated Upf1. Cells were transfected with the siRNAs or SMG-6 plasmids indicated above the blot. Total cell extracts were probed with the antibodies indicated. To estimate the knockdown efficiency, 100, 50, 25 and 12.5% (B) or 100, 33 and 11% (E) of NS control samples were loaded.

SMG-1-mediated phosphorylation of Upf1 at S1096 is required for binding to SMG-5 and SMG-7
------------------------------------------------------------------------------------------

Although the SMG-5:SMG-7 complex also preferentially binds to phospho-Upf1, the exact binding site(s) of them are unknown ([@gkr791-B30]). To identify the Upf1 residue(s) responsible for SMG-5:SMG-7 complex binding, we made three SBP-tagged Upf1 mutants, Upf1-S1078A, Upf1-S1096A and Upf1-S1116A, which harbored alanine substitutions at S1078, S1096 or S1116, respectively ([Figure 5](#gkr791-F5){ref-type="fig"}A). These mutants were chosen for the following two reasons: (i) SMG-7 binding to phospho-Upf1 is strikingly decreased in the Upf1-4SA mutant ([@gkr791-B19]) and (ii) S1078, S1096 and S1116 residues of Upf1 are phosphorylated *in vivo* ([@gkr791-B22],[@gkr791-B30],[@gkr791-B31]). Affinity purification of SBP-tagged Upf1 in the presence of RNaseA from cell extracts revealed that the S1096A mutant failed to coprecipitate endogenous SMG-5 or SMG-7, whereas mutants S1078 and S1116 coprecipitated equivalent amounts of SMG-5 and SMG-7 compared with wild-type Upf1 ([Figure 5](#gkr791-F5){ref-type="fig"}B). A similar experiment preformed using an SBP-tagged Upf1-T28A mutant showed that no apparent effect on SMG-5 or SMG-7 coprecipitation was observed for the Upf1-T28A mutant ([Figure 5](#gkr791-F5){ref-type="fig"}C). These results indicate that phosphorylated S1096 of Upf1 is integral to the binding site of the SMG-5:SMG-7 complex. Although both of SMG-5 and SMG-7 have a 14-3-3-like domain, only one serine residue, S1096, is responsible for the SMG-5:SMG-7 complex binding. To investigate which molecule is mainly involved in this binding, we immunoprecipitated endogenous Upf1 from cell extracts transfected with siRNA targeted against SMG-5 or SMG-7 in the presence of RNaseA. As shown in [Figure 5](#gkr791-F5){ref-type="fig"}D, depletion of SMG-7 decreased the SMG-5 coprecipitation compared with a non-silencing control. On the other hand, SMG-5 knockdown do not significantly decrease the coprecipitation of SMG-7. This suggests that SMG-7 links the SMG-5:SMG-7 complex to phospho-S1096 of Upf1. Figure 5.Upf1 serine residue 1096 is necessary for the binding of the SMG-5:SMG-7 complex. (**A**) Schematic representation of Upf1 mutants. The NCR, cystein rich region, helicase domains and SQ-rich region are depicted by gray boxes. In Upf1-S1078A, S1078 is substituted for A. In Upf1-S1096, S1096 is replaced by A. In Upf1-S1116A, S1116 is substituted for A. In, Upf1-T28A, T28 is replaced by A. (**B** and **C**) HeLa TetOff cells were transfected with the indicated plasmids or an empty vector ('vector'). The cell extracts were purified with streptavidin sephorose in the presence of RNaseA. Purified fractions were analyzed by western blotting with the antibodies indicated. (**D**) HeLa TetOff cells were transfected with the indicated siRNAs. The cell extracts were immunoprecipitated with anti-Upf1 (5C3) antibody in the presence of RNaseA. The immunoprecipitates (IP) were analyzed by western blotting with the antibodies shown on the left of the panels.

Phosphorylation at both T28 and S1096 of Upf1 is required for NMD
-----------------------------------------------------------------

As described above, T28 and S1096 of Upf1 are required for SMG-6 and the SMG-5:SMG-7 complex, respectively, to bind to Upf1. If the binding of either of these factors is necessary for NMD to proceed *in vivo*, overproduction of mutant Upf1-T28A or -S1096A might inhibit NMD in a dominant-negative manner. To analyze this, we expressed wild-type Upf1 or the Upf1 mutants, -T28A, -S1078A, -S1096A or -S1116A in HeLa TetOff cells, and subsequently measured the half-lives of PTC-containing β-globin mRNA by northern blot analysis, as described in [Figure 2](#gkr791-F2){ref-type="fig"}. Overexpression of wild-type Upf1 or Upf1 mutants -S1078A or -S1116A had no affect on the half-lives of PTC-containing β-globin mRNA. In contrast, overexpression of Upf1-T28A or S1096A stabilized PTC-containing β-globin mRNA ([Figure 6](#gkr791-F6){ref-type="fig"}B and C). This result indicates that phosphorylation of both T28 and S1096 of Upf1 is required for PTC-dependent degradation of β-globin mRNA. Figure 6.Phosphorylation of Upf1 at both T28 and S1096 is required for PTC-containing β-globin mRNA decay. (**A** and **B**) HeLa TetOff cells were transfected with the plasmids shown above (A) or to the left of the panel (B). Total cell lysates were analyzed by western blotting with the indicated antibody probes (A). NMD is inhibited by overexpression of Upf1-T28A and -S1096 mutants. HeLa TetOff cells were co-transfected with the Tet-inducible β-globin (BGG)-PTC plasmid shown in [Figure 2](#gkr791-F2){ref-type="fig"}A and with Upf1 plasmids indicated on the left of the panel. After the addition of doxycycline to repress the transcription of the BGG reporter plasmid, total RNAs prepared at the times indicated were analyzed by northern blotting (B). (**C**) The quantities of BGG mRNA, normalized to GAPDH signals, were plotted. The means ± SD from three independent experiments are shown.

Distinct phospho-Upf1 complexes are formed in SMG-5 or SMG-6 inactivated cell extracts
--------------------------------------------------------------------------------------

Depletion of NMD components or expression of specific NMD component mutants enabled us to 'freeze' the transient protein complex formed during the process of PTC recognition and allowed us to suggest the sequential mRNP remodeling of the mRNA surveillance complex ([@gkr791-B19],[@gkr791-B20],[@gkr791-B43],[@gkr791-B44]). The preferential binding of the SMG-5:SMG-7 complex and SMG-6 to phospho-Upf1 and their essential role for NMD prompted us to capture the post-Upf1 phosphorylation process of NMD by the inactivation of these proteins. For this, we immunoprecipitated endogenous Upf1 from cell extracts transfected with siRNA targeted against SMG-5 or SMG-6 in the presence of RNaseA and cycloheximide, which stabilizes 80S ribosomes on mRNAs *in vitro* and prevents their dissociation during immunoprecipitation ([@gkr791-B45]) during cell lysis. The Upf1 immune complexes eluted with the Upf1-peptide antigen contained eRF1, EJC components (Upf3b, Y14 and Magoh), rpS16 and SMG-7. Compared with a non-silencing control, depletion of either SMG-5 or SMG-6 caused an accumulation of phospho-Upf1 in the total cell extracts and in the Upf1 immune complex ([Figure 4](#gkr791-F4){ref-type="fig"}E; data not shown). Depletion of SMG-5 enhanced the amounts of eRF1, Upf3b and EJC components (eIF4A3, Y14 and Magoh) coprecipitated with Upf1, whereas the amounts of coprecipitated rpS16 and SMG-7 were not apparently altered. In contrast, SMG-6 depletion decreased the coprecipitation of rpS16 and eRF1 with Upf1, although it increased coprecipitation of SMG-5, SMG-7 and EJC components (eIF4A3, Y14 and Magoh) ([Figure 7](#gkr791-F7){ref-type="fig"}A). We failed to detect SMG-6 coprecipitation in this experimental condition, most likely because of the low binding affinity of the anti-SMG-6 antibody. Figure 7.SMG-5 or SMG-6 knockdown causes the accumulation on mRNP of phospho-Upf1 complexes containing different components. (**A** and **B**) HeLa TetOff cells were transfected with the indicated siRNAs. The cell extracts were immunoprecipitated with anti-Upf1 (5C3) antibody in the presence of RNaseA (A), or in the absence or presence of RNaseA (B). The cell extracts (Input) and immunoprecipitates (IP) were analyzed by western blotting with the antibodies shown on the left of the panels. (**C**) Schematic presentation of Upf1 complexes following SMG-5 or SMG-6 siRNA treatment.

Next, we tested whether the phospho-Upf1 complexes enriched in SMG-5 or SMG-6 depleted cell extracts are formed on mRNPs. For this, we immunopurified endogenous Upf1 from cells transfected with siRNAs targeting SMG-5 or SMG-6 in the presence or absence of RNaseA. RNaseA sensitive coprecipitation of CBP80, a nuclear cap binding protein and of PABPC1/4, cytoplasmic poly(A) binding proteins, was observed in the Upf1 immunoprecipitates from SMG-5- or SMG-6-depleted cell extracts, suggesting that the phospho-Upf1 complexes are formed on mRNPs ([Figure 7](#gkr791-F7){ref-type="fig"}B). Our model to explain these observations is depicted in [Figure 7](#gkr791-F7){ref-type="fig"}C.

To further evaluate the distinct processes regulated by SMG-5 or SMG-6, we took advantage of the dominant-negative mutants of SMG-5, SMG-5-dCT and of SMG-6, SMG-6-dCT ([Figure 8](#gkr791-F8){ref-type="fig"}A). SMG-5-dCT preferentially binds to phospho-Upf1 and inhibits Upf1 dephosphorylation and NMD ([@gkr791-B30]). SMG-6-dCT also showed a similar phenotype ([Figures 1](#gkr791-F1){ref-type="fig"} and [2](#gkr791-F2){ref-type="fig"}). We immunoprecipitated endogenous Upf1 from cell extracts transfected with wild-type HA-tagged-SMG-5, HA-tagged-SMG-5-dCT, wild-type SMG-6 or HA-tagged-SMG-6-dCT in the presence of RNaseA and cycloheximide. Compared with the wild-type, expression of either SMG-5-dCT or SMG-6-dCT caused a significant accumulation of phospho-Upf1 in cell extracts and in the Upf1 immune complex and showed greater levels of SMG-5dCT and SMG-6-dCT coprecipitation with Upf1 ([Figure 8](#gkr791-F8){ref-type="fig"}B; data not shown). Overexpression of the SMG-6-dCT mutant increased the coprecipitation of endogenous SMG-5 and SMG-7, and reduced the coprecipitation of ribosomal proteins, rpL7a and rpS16, eRF1 and Upf3b with Upf1 compared with wild-type SMG-6 ([Figure 8](#gkr791-F8){ref-type="fig"}C). On the other hand, overexpression of the SMG-5dCT mutant did not alter the coprecipitation of these proteins except for the increased coprecipitation of endogenous SMG-7 compared with wild-type SMG-5 ([Figure 8](#gkr791-F8){ref-type="fig"}C). No apparent alteration was observed for the coprecipitation of EJC components, Y14, Magoh and eIF4A3 in these precipitates ([Figure 8](#gkr791-F8){ref-type="fig"}C). In addition, CBP80 was coprecipitated with Upf1 only in the absence of RNaseA, suggesting that the phospho-Upf1 complexes with SMG-5dCT or SMG-6-dCT are formed on mRNPs ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkr791/DC1)). Taken together with the knockdown experiment presented above, these results indicate that the phospho-Upf1 complex containing ribosomal proteins and eRF1 only appears with the inactivated SMG-5, but not with the inactivated SMG-6. The decrease of Upf3b in the Upf1 complex accumulated with SMG-6-dCT might reflect competitive binding of SMG-6 and Upf3b to phospho-Upf1. Our model is depicted in [Figure 8](#gkr791-F8){ref-type="fig"}D. Figure 8.Overexpression of SMG-5-dCT or SMG-6-dCT causes the accumulation of phospho-Upf1 complexes containing different components. (**A**) Schematic representation of SMG-5dCT and SMG-6dCT mutants. The 14-3-3-like domain and PIN domain are depicted in gray boxes. SMG-5dCT and SMG-6dCT have deletions of the C-terminal 23 or 11 amino acids, respectively. (**B**) Overexpression of SMG-5 or SMG-6 mutants results in the accumulation of Upf1 phosphorylated at T28 and S1078/S1096. Cells were transfected with the SMG-5 or SMG-6 plasmids indicated above the blot. Total cell extracts were probed with the antibodies indicated. (**C**) HeLa TetOff cells were transfected with the indicated plasmids. The cell extracts were immunoprecipitated with anti-Upf1 (5C3) antibody in the presence of RNaseA. (**D**) Schematic presentation of Upf1 complexes following overexpression of SMG-5-dCT or SMG-6-dCT.

DISCUSSION
==========

Here, we demonstrated that the SMG-1-mediated phosphorylation of Upf1 creates at least two distinct phospho-specific binding platforms for SMG-6 and the SMG-5:SMG-7 complex. Both bindings are required for the mRNP remodeling to dissociate Upf1 from mRNA and NMD. Further, the binding of SMG-5:SMG-7 complex, but not SMG-6, to pohospho-Upf1 leads the dissociation of ribosome and release factors from DECID complex. [Figure 9](#gkr791-F9){ref-type="fig"} illustrates our view of the simultaneous recruitments of the SMG-6 and the SMG-5:SMG-7 complex for phospho-Upf1 that lead to the remodeling of post-PTC-recognized complex. Figure 9.Model depicting NMD from post-Upf1 phosphorylation to mRNA decay. PTC recognition is established by the formation of mRNA surveillance complexes called 'DECIDs' that contain a PTC-recognizing ribosome, eRF, Upf1, SMG1C (SMG-1:SMG-8; SMG-9 complex) and the EJC during the initial round of translation. DECID formation induces SMG-1--mediated Upf1 phosphorylation. The SMG-5:SMG-7 complex binds to phospho-S1096 of Upf1 to dissociate the ribosome and release factor from Upf1. SMG-6 binds to phospho-T28 of Upf1 to induce Upf1 dissociation from the mRNA. AUG, start codon; Ter, termination codon; eRF, eRF1:eRF3 complex; P, phosphate group; S5:7, the SMG-5:SMG-7 complex, S6, SMG-6.

In the present study, we have identified T28 as a novel SMG-1-mediated *in vivo* phosphorylation site of Upf1 ([Figure 4](#gkr791-F4){ref-type="fig"}). The sequence surrounding T28 is conserved among higher eukaryotes, including plants, supporting the importance of phosphorylation at this site ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkr791/DC1)). An okadaic acid sensitive phosphatase, PP2A, dephosphorylates P-T28 of Upf1 according to SMG-5, SMG-6 and SMG-7 dependent mechanisms ([Figure 4](#gkr791-F4){ref-type="fig"}E), which is similar to other SMG-1-mediated phosphorylation sites, S1078 and S1096 ([Figure 4](#gkr791-F4){ref-type="fig"}D and E). However, ATPase-deficient Upf1 is highly phosphorylated ([@gkr791-B19]) and binds efficiently with SMG-5, SMG-6 and SMG-7 ([@gkr791-B44]). These observations suggest that the binding of SMG-5, SMG-6 and SMG-7 to phospho-Upf1 is not sufficient to promote dephosphorylation even though they bind to PP2A ([@gkr791-B30],[@gkr791-B33],[@gkr791-B35]). Future studies will reveal the mechanism of Upf1 dephosphorylation.

What is the role of T28 phosphorylation? The following observations provide evidence that T28 phosphorylation induces the binding of SMG-6 via its 14-3-3-like domain during NMD. First, the binding of SMG-6 to Upf1 was strongly diminished in a Upf1-T28A mutant ([Figure 3](#gkr791-F3){ref-type="fig"}C). Second, the SMG-6 14-3-3-like domain mutation abolished the coprecipitation of phospho-Upf1 ([Figure 1](#gkr791-F1){ref-type="fig"}C). Third, overexpression of either Upf1-T28A or SMG-6-mt1433 mutant suppressed NMD in a dominant-negative manner ([Figure 2](#gkr791-F2){ref-type="fig"} and [6](#gkr791-F6){ref-type="fig"}). Another Upf1 phosphorylation site, at S1096, whose phosphorylation is mediated by SMG-1, formed the binding site for the SMG-5:SMG-7 complex ([Figure 5](#gkr791-F5){ref-type="fig"}B). SMG-7 is presumably responsible for the binding of the SMG5:SMG7 complex to phospho-S1096 ([Figure 5](#gkr791-F5){ref-type="fig"}D). However, it remains unclear why we failed to detect an increase of SMG-7 coprecipitation with phospho-Upf1 in SMG-5 knockdown cells, whereas SMG-5 knockdown accumulates the phosphorylation of S1096 in a similar manner to SMG-6 knockdown that induces accumulation of the SMG-5:SMG-7 complex with phospho-Upf1 ([Figure 7](#gkr791-F7){ref-type="fig"}) Hetero dimer formation might be required for the full binding activity of the SMG-5:SMG-7 complex. The dominant-negative effect of the Upf1-S1096A mutant suggested that this phospho-mediated binding of the SMG-5:SMG-7 complex is required for NMD ([Figure 6](#gkr791-F6){ref-type="fig"}). The involvement of two different phosphorylation sites for the SMG-5:SMG-7 complex and SMG-6 also suggests that they can simultaneously bind to phospho-Upf1, although they have been expected to compete ([@gkr791-B2],[@gkr791-B3]). Consistent with this notion, the SMG-5:SMG-7 complex accumulated in the phospho-Upf1 complex together with the SMG-6dCT mutant ([Figure 8](#gkr791-F8){ref-type="fig"}C). These results indicate that simultaneous binding of the SMG-5:SMG-7 complex and SMG-6 to phospho-Upf1 are required for NMD. This is consistent with the observation that SMG-5, SMG-6 and SMG-7 are non-redundant ([@gkr791-B32],[@gkr791-B36],[@gkr791-B43],[@gkr791-B46]).

Although SMG-5, SMG-6 and SMG-7 share 14-3-3-like domains ([@gkr791-B30],[@gkr791-B37]), different phospho-S/T binding properties between the SMG-5:SMG-7 complex and SMG-6 exist; while the SMG5:SMG-7 complex binds to P-S1096 but not to P-T28 ([Figure 5](#gkr791-F5){ref-type="fig"}B and C), SMG-6 binds to P-T28 but not to P-S1096 ([Figure 3](#gkr791-F3){ref-type="fig"}C). Upf1-S1078 is dispensable *in vivo*, although SMG-7 can bind phospho-S1078 *in vitro*. Heterodimer formation of the SMG-5:SMG-7 complex might affect their specificity *in vivo*. Future studies, such as structural analysis, will clarify their specificity for phospho-S/TQ motifs. SMG-6 can associate with the mRNA surveillance complex not only through phospho-Upf1, but also through its ability to directly bind the EJC ([@gkr791-B39]) ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr791/DC1)) and/or via direct RNA binding ([@gkr791-B47]). These associations might be involved in EJC recycling, similar to PYM ([@gkr791-B48]), or in some specific mRNA degradation ([@gkr791-B39]).

While S1078 and S1116 of Upf1 are phosphorylated *in vivo* ([@gkr791-B22],[@gkr791-B30],[@gkr791-B31]), they are likely to be dispensable for NMD ([Figure 6](#gkr791-F6){ref-type="fig"}). It is possible that they are involved with the other SQ-directed kinases, such as ATR, ATM and DNA-PKcs, which mediate phosphorylation events for various cellular functions of Upf1, such as histone mRNA decay or genome stability ([@gkr791-B49; @gkr791-B50; @gkr791-B51]).

Our results presented in this study revealed that inactivation of either SMG-5 or SMG-6 induces accumulation of distinct phospho-Upf1 complexes on mRNP together with CBP80 (cap) and PABPC1/C4 \[poly(A)\] ([Figures 7](#gkr791-F7){ref-type="fig"} and [8](#gkr791-F8){ref-type="fig"}; [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkr791/DC1)). This suggests that phospho-specific binding of the SMG-5:SMG-7 complex and of SMG-6 to Upf1 are required for mRNP remodeling to dissociate Upf1 from mRNA and to promote mRNA decay.

On the other hand, the complexes accumulated by SMG-5 or SMG-6 inactivation are different. For instance, SMG-5 knockdown and overexpression of SMG-5-dCT resulted in the accumulation of phospho-Upf1 complex containing ribosome, release factor and EJC ([Figures 7](#gkr791-F7){ref-type="fig"} and [8](#gkr791-F8){ref-type="fig"}). Importantly, the SMG-5-dCT mutant can accumulate phospho-Upf1 complex containing ribosomal proteins and release factor. These results indicate that SMG-5 binding to phospho-Upf1 is required but not sufficient for the dissociation of ribosome and release factor from the DECID complex. The C-terminal PIN domain of SMG-5 is required for this action and SMG-5 might be involved in ribosome dissociation by recruitment and/or activation of ribosome dissociation factors, such as eEF2, eIF3 and/or ABCE1 ([@gkr791-B52],[@gkr791-B53]), through its PIN domain ([Figure 9](#gkr791-F9){ref-type="fig"}).

In contrast to SMG-5, SMG-6 knockdown and overexpression of SMG-6-dCT resulted in the accumulation of phospho-Upf1 complex containing EJC and the SMG-5:SMG-7 complex, but not ribosomal proteins or release factors ([Figures 7](#gkr791-F7){ref-type="fig"} and [8](#gkr791-F8){ref-type="fig"}). These results suggested that, SMG-6 is likely to be dispensable for ribosome and release factor dissociation. However, SMG-6 and its PIN domain are still required for Upf1 dephosphorylation, NMD and Upf1 dissociation from mRNA ([Figure 8](#gkr791-F8){ref-type="fig"} and [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkr791/DC1)). These results suggest that ribosome and release factor dissociation from the Upf1 complex precedes but is not sufficient to promote Upf1 dephosphorylation, NMD and probably Upf1 dissociation from mRNA. Because ATPase activity of Upf1 is required for the dissociation of Upf1 from mRNA ([@gkr791-B44]) ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkr791/DC1)), the SMG-6 PIN domain might be involved in Upf1 ATPase activation. It is also possible that the SMG-6 PIN domain-mediated endocleavage of PTC-mRNA is a prerequisite for Upf1 ATPase activation. In addition, even though ATP binding/ATPase-deficient Upf1 binds with SMG-5, SMG-6, SMG-7 and mRNA decay enzymes ([@gkr791-B19],[@gkr791-B44],[@gkr791-B54]), they fail to efficiently promote mRNA decay ([@gkr791-B19],[@gkr791-B32],[@gkr791-B44]). Consistent with this finidng, the RNase A sensitive accumulation of CBP80, an indicator of intact cap structure, is observed in Upf1-KQ mutant precipitate ([Supplementary Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkr791/DC1)). Taken together with the RNaseA sensitive coprecipitation of CBP80 with Upf1 in SMG-5 or SMG-6 inactivated conditions, these results suggested that both decapping and endocleavage do not occur before (i) SMG-5, SMG-6 and SMG-7 have all bound to Upf1 and (ii) Upf1 ATPase activation. Upf1 ATPase activity might regulate decapping enzyme and SMG-6 endonuclease activation ([Figure 9](#gkr791-F9){ref-type="fig"}). Further reconstitution analysis is required for resolving these issues.

The SMG-5:SMG-7 complex can bind to the N-terminal conserved region of Upf1 containing residue T28 in phospho-independent manner ([@gkr791-B30]). Thus, it is possible that the SMG-5:SMG-7 complex might either inhibit the SMG-1-mediated phosphorylation of T28 of Upf1 or inhibit the binding of SMG6 to the phosphorylated T28 residue. One possible explanation that the phospho-spesific binding of SMG6 to Upf1 might occur after the SMG-5:SMG-7 complex are sequestered by the C-terminal phospho-S1096 of Upf1 ([Figure 9](#gkr791-F9){ref-type="fig"}). Simultaneous binding of the SMG-5:SMG-7 complex and SMG-6 to N-terminal conserved region of Upf1 is also possible since Upf1-4SA mutants, which lose the pohspho-S1096 binding of the SMG-5:SMG-7 complex can bind SMG-6 ([Figure 3](#gkr791-F3){ref-type="fig"}C).

EJC components that trigger Upf1 phosphorylation are also involved in splicing junction-independent NMD, although the mechanism is unknown, ([@gkr791-B27],[@gkr791-B29]) (A.Yamashita, our unpublished data). Intriguingly, SMG-1 and its co-factors are also needed for the downstream splicing-junction independent NMD (A.Yamashita, our unpublished data). Thus, the simultaneous binding of the SMG-5:SMG-7 complex and SMG-6 to phospho-Upf1 described in this study seems to be generally involved in mammalian NMD.

Even though Upf1 sites phosphorylated by SMG-1 are conserved, SMG-5, SMG-6 and SMG-7 are highly diverse among higher eukaryotes. For instance, vertebrates and nematodes have all these molecules, while flies do not have SMG-7, and plants have two non-redundant SMG-7s, but not SMG-5 and SMG-6 ([@gkr791-B30],[@gkr791-B33],[@gkr791-B36],[@gkr791-B55]). These differences might reflect the distinct mRNA decay mechanisms among these species. In particular, flies mainly use an SMG-6-mediated endocleavage pathway, and mammals use both endonucleolytic cleavage and deadenylation-initiated decapping pathways ([@gkr791-B40],[@gkr791-B41],[@gkr791-B56]). No endonucleolytic cleavage of PTC-mRNA has been reported in plants, which is consistent with the absence of SMG-6 endonuclease ([@gkr791-B57]). Intriguingly, at least two SMG-5/6/7 related molecules exist among higher eukaryotes and the two phosphorylation sites of Upf1, which are essential for binding with them are conserved among higher eukaryotes. These SMG-5/6/7 related molecules might have similar sequence and functional specificity to that of mammals.
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